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PbS nanocrystal nc-PbS-C60 photovoltaic devices are demonstrated, in which nc-PbS function as
electron donors, showing infrared photosensitivity up to 1600 nm. Annealing nc-PbS is proved to
remove capping oleic acid ligands, studied using x-ray photoelectron spectroscopy, significantly
improving the short circuit current, open circuit voltage, and fill factor. The device performance is
rationalized by quantum confinement in nc-PbS and energy level alignment at the heterojunction
based on direct measurements of nc-PbS ionization potential using ultraviolet photoelectron
spectroscopy. © 2007 American Institute of Physics. DOI: 10.1063/1.2790730
Organic photovoltaics OPVs have strong potential as a
source of low-cost renewable energy.1 Toward this goal,
promising results have been shown by OPVs based on con-
jugated organic molecules2,3 and polymers.4,5 Nanocrystals
of inorganic semiconductors exhibit size tunable bandgaps
due to quantum confinement effects and can be combined
with organic materials to enhance the light harvesting capa-
bility of OPVs.6–9 However, semiconductor nanocrystals can
only be processed from solution if capped with organic
ligands to render them soluble in common organic solvents,
which are detrimental to device operation.10,11 To harness
near infrared wavelengths, which comprise a considerable
proportion of the solar spectrum, low bandgap nanocrystals
such as PbSe and PbS can be incorporated into OPVs.12,13 To
date, nc-PbS have only been employed as the electron accep-
tor in hybrid nanocrystal-organic OPVs without direct mea-
surement of the electronic structure of nc-PbS to guide de-
vice design and understanding toward realizing their full
potential. This letter reports a discrete heterojunction
nc-PbS-C60 hybrid solar device with infrared sensitivity.
The nanocrystal layer functions as an electron donor and the
device shows quantum efficiencies across the solar spectrum
up to 1600 nm. Device performance is rationalized in terms
of quantum size effect in nc-PbS and by the interfacial en-
ergy level alignment at the heterojunction, as inferred from a
direct measurement of the ionization potential of nc-PbS us-
ing ultraviolet photoelectron spectroscopy UPS.
Nc-PbS were synthesized with a narrow size distribution
according to a method reported by Hines and Scholes Fig.
1a.14 Experimental details of material/device synthesis and
characterization are given in the accompanying supplemen-
tary information.15 Figure 1b shows optical absorption of
different size nc-PbS samples analyzed in this paper. Ther-
mogravimetric analysis of as synthesized nc-PbS, given in
Fig. 1c, shows that a weight reduction of 1% occurs in
nc-PbS between 100 and 250 °C which can be attributed to
the loss of solvent and physorbed oleic acid in the sample.
Following this, a dramatic reduction of weight is observed
within the 250–500 °C temperature range. We attribute this
reduction to pyrolysis of the oleic acid ligands. Further, we
note that the weight reduction at 500 °C 23% correlates
with an estimate of the maximum weight percent of oleic
acid ligands attached to a single nanocrystal of 5 nm diam-
eter 29%. X-ray photoelectron spectroscopy XPS analysis
of nc-PbS indicated a reduction in carbon from 41.7% to
22.9% and a reduction in oxygen from 14.3% to 2.0% after
annealing under ultrahigh vacuum UHV for 1 h at 300 °C.
The reduction of oxygen and carbon content after annealing
is attributed to the removal of oleic ligands
CH3CH27CHvCHCH27COOH. Further evidence of
the annealing effect on the capping ligands can be inferred
from the XPS spectra shown by Fig. 1d, which show a shift
in the binding energy of Pb4f7/2 and Pb4f5/2 after annealing at
300 °C under UHV. The Pb4f7/2 peak shifts from
138.3 to 136.8 eV subsequently forming a shoulder peak at
137.7 eV, identified by the circle in Fig. 1d. The Pb4f7/2
peak of nc-PbS before annealing in Fig. 1d is comparable
to the PbO peak binding energy values reported in the litera-
ture 138.5 eV,16,17 and is attributed to Pb bonded to oleic
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FIG. 1. a Transmission electron micrograph of 1450 nm primary absorb-
ing nc-PbS nc-PbS:1450. b Absorbance of oleic acid capped nc-PbS
nanocrystals in chloroform. c Thermogravimetric analysis of dry nc-PbS
annealed under a N2 atmosphere. d XPS spectra of Pb4f7/2 and Pb4f5/2 in
nc-PbS before and after annealing at 300 °C in UHV.
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acid via the uCOOH moiety.18 Similarly, the Pb4f7/2 peak
value 136.8 eV measured in the annealed nc-PbS sample is
in excellent agreement with the reported binding energy for
Pb4f/2 in PbS.19 From this evidence, it can be concluded that
annealing of the nc-PbS sample resulted in removal of the
capping oleic acid ligands from the nanocrystals. However,
the removal of the capping ligands also results in the forma-
tion of elemental Pb as indicated by the 137.7 eV shoulder
peak in the annealed nc-PbS sample shown in Fig. 1d. The
3% increase in weight observed after 500 °C in Fig. 1c
can also be attributed to formation of compounds between
elemental Pb and the possible contaminates present in the N2
flow used during the experiment. Consequently, a compro-
mise must be reached between maximizing ligand removal
and minimizing metallic Pb formation. This was empirically
determined by utilizing hybrid solar devices, fabricated with
nc-PbS layers and annealed at different temperatures, as
shown in Fig. 2a.
Hybrid devices comprising indium tin oxide ITO/nc-
PbS 140 nm /C60 50 nm /Al 50 nm were fabricated us-
ing nc-PbS with a primary absorption at 1200 nm nc-
PbS:1200, annealed at different temperatures. Figure 2a
shows the current density–voltage J-V characteristics of
these devices from which it is evident that the devices utiliz-
ing nc-PbS without annealing exhibit a very small short cir-
cuit current density Jsc of 11 A cm−2. Jsc increases up to
340 A cm−2 when the nc-PbS layer is annealed up to
300 °C. In conjunction with the increase in Jsc, the device
series resistance Rs is decreased, which is evident from the
increase in the gradient of the J-V characteristic close to
open circuit voltage Voc. The increase in Jsc and decrease in
Rs can be attributed to pyrolysis of the capping ligands from
the nc-PbS, as discussed above. It is expected that the effi-
ciency of exciton dissociation at the heterojunction strongly
depends on the distance of separation between donor and
acceptor species. The increase in Jsc upon removal of the
oleic acid ligands is consistent with this expectation. Further-
more, since the oleic acid ligands are intrinsically insulating
and the ligand length 2 nm Ref. 20 is greater than the
charge tunneling barrier, their removal facilitates free carrier
transport between adjacent nc-PbS which is consistent with a
report by Zhang et al.11 Hence, enhanced charge separation
and transport within the active layers after thermal annealing
increases the Jsc and reduces the Rs, improving the overall
performance of the nc-PbS-C60 hybrid device. The Jsc of the
devices is seen to decrease as the annealing temperature is
increased above 300 °C. This can be attributed to the forma-
tion of elemental Pb on top of the PbS film which quenches
excitons formed at the heterojunction. As a result, 300 °C
was utilized as the optimum annealing temperature for all
devices discussed subsequently in this paper.
As shown in Fig. 2a, the Voc of devices having a nc-
PbS layer subjected to annealing is greater than the device
fabricated utilizing the unannealed nc-PbS. The origin of the
Voc in heterojunction OPVs is not fully understood,21,22 al-
though it is widely believed to have a maximum value given
by the difference in energy between the donor highest occu-
pied molecular orbital HOMO and acceptor lowest unoccu-
pied molecular orbital LUMO. Voc in OPVs is also known
to depend on the alignment between these frontier molecular
orbitals and the Fermi level of the adjacent electrode, which
can be affected by postdeposition annealing. There are,
therefore, two possible explanations for the increase in Voc
upon annealing of the nc-PbS layer: It is plausible that the
ITO/nc-PbS contact is modified upon removal of the oleic
acid ligand, thereby improving alignment between the ITO
Fermi level and the relevant transport band in the adjacent
nc-PbS. Alternatively, since it is well known that organic
adsorbates can affect the work function of inorganic surfaces
by modifying the surface potential,23 it is possible that the
offset between the nc-PbS valence band and C60 LUMO is
reduced in the presence of oleic acid ligands, thereby reduc-
ing Voc.
A comparison between the J-V characteristics of ITO/nc-
PbS 140 nm /C60 50 nm /Al 50 nm devices, fabricated
using annealed nc-PbS:1200 and nc-PbS:1450, and the refer-
ence ITO/C60 50 nm /Al device is shown in Fig. 2b. The
nc-PbS:1200-C60 and nc-PbS:1450-C60 devices show en-
hanced Jsc of 0.21 and 0.24 mA cm−2, respectively, com-
pared to the reference 0.11 mA cm−2. The increased photo-
currents in the hybrid devices are attributed to the increased
photon harvesting from the solar spectrum by the nc-PbS
layer. To confirm this hypothesis and quantify the contribu-
tion made by nc-PbS layer to the photocurrent in each de-
vice, external quantum efficiency EQE measurements were
performed. According to the EQE data, given in Fig. 2c,
the reference device shows significant EQE values only up
650 nm, whereas both the hybrid devices show EQE values
well into the near infrared region 650–1600 nm. The
nc-PbS:1450-C60 hybrid device shows an infrared EQE of
approximately 0.1% close to 1000 nm and exhibits a signifi-
cant EQE up to 1600 nm. This confirms the above hypoth-
esis relating to the photon harvesting property of the nc-PbS.
The maximum infrared EQE 0.1% is an order of magnitude
lower than the highest EQE of 3.3% for the hybrid devices
FIG. 2. a J-V characteristics of ITO/nc-PbS/C60 50 nm /Al 50 nm
devices measured under AM1.5D, fabricated using nc-Pbs without annealing
black squares, nc-Pbs annealed at 250 °C circles, nc-PbS annealed at
300 °C triangles, nc-PbS annealed at 350 °C deltas, and nc-PbS an-
nealed at 380 °C white squares. b J-V plots taken under AM1.5D and c
external quantum efficiency measurements of ITO/nc-PbS:1200/C60
50 nm /Al white circles, ITO/nc-PbS:1450/C60 50 nm /Al white
squares, and ITO/C60 50 nm /Al black squares, respectively. d UPS of
a nc-PbS sample annealed at 300 °C for 1 h in UHV where d1 shows the
high energy cutoff used to calculate the ionization potential and d2 shows
the low energy cutoff which gives the work function. The inset in d1 show
the proposed flatband energy level diagram for this device.
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obtained at 450 nm which corresponds to the primary ab-
sorption region of C60. This reduction can be attributed to the
limitation in exciton diffusion in the nanocrystal film and
also to the lower absorption coefficient of the nanocrystals
1.4104 cm−1 at 1185 nm relative to the absorption coef-
ficient of C60 1.0105 cm−1 at 460 nm.
UPS measurements were carried out to rationalize the
thermodynamic feasibility of exciton dissociation at the het-
erojunction between nc-PbS and C60. Prior to UPS measure-
ments, the nc-PbS sample was annealed at 300 °C under
UHV for 1 h. Upon heating, the valence band structures of
nc-PbS become visible, with features below 8 eV originating
from the p-type valence bands of nc-PbS, as well as from the
s-type bands derived from Pb 6s 8 eV and S 3s
14 eV, in reasonable agreement with photoemission
studies on bulk PbS.24 Both the work function and the maxi-
mum valence band position were determined directly from
the He I UPS spectra by fitting straight lines into their low
Fig. 2d2 and high kinetic Fig. 2d1 energy cutoffs, re-
spectively, and determining the intersection with the base
line of the spectra. By adding the two values, an ionization
potential of 5.1 eV was obtained. Using absorption measure-
ments to obtain the energy gap between the first excited elec-
tron and hole states 1 eV, it was possible to calculate the
electron affinity 4.7 eV for nc-PbS:1200.
The proposed flatband structure for the active layers of
the hybrid device is given by the inset in Fig. 2d1. It is
clearly energetically favorable for the holes to transfer from
the HOMO level of C60 6.4 eV to the valence band in
nc-PbS 5.7 eV. Electrons from the dissociated excitons
generated in nc-PbS have to traverse an energy barrier of
0.2 eV to transfer from the conduction band of the nc-PbS
to the LUMO of C60, explaining the low infrared response of
the system. As shown in Fig. 2b, the Voc of
nc-PbS:1200-C60 and nc-PbS:1450-C60, 0.17 and 0.22 V,
respectively, are significantly lower compared to that of the
C60 reference device 0.39 V. The fill factors of the two
hybrid devices nc-PbS:1200-C60 and nc-PbS:1450-C60 are
0.37 and 0.29, respectively, which are also lower than the fill
factor of the reference C60 device 0.40 primarily due to the
lower shunt resistance. The lower shunt resistance of hybrid
devices is thought to be due to the increased susceptibility of
the bilayer films to filament formation upon deposition of the
electrode. Overall, the reduced fill factor and reduction in Voc
results in a lower power conversion efficiency for the hybrid
devices, 0.014% nc-PbS:1200-C60 and 0.015%
nc-PbS:1450-C60, compared to the reference device
0.019%.
In conclusion, nc-PbS-C60 photovoltaic devices are
demonstrated, in which nc-PbS function as electron donors,
showing infrared photosensitivity up to 1600 nm. Annealing
of the nc-PbS is observed to remove capping oleic acid
ligands, studied using XPS, significantly improving the Jsc,
Voc, and fill factor. Device performance is rationalized in
terms of the quantum confinement in nc-PbS and through
heterojunction energy level alignment based on direct mea-
surements of the nc-PbS ionization potential using UPS. The
devices reported demonstrate the potential for the develop-
ment of optimized hybrid organic-inorganic photovoltaic de-
vices utilizing the near infrared solar spectrum.
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